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Activity deprivation in neurons induces a slow
compensatory scaling up of synaptic strength,
reflectingahomeostaticmechanism for stabiliz-
ing neuronal activity. Prior studies have focused
on the loss of action potential (AP) driven neuro-
transmission in synaptic homeostasis. Here, we
show that the miniature synaptic transmission
that persists during AP blockade profoundly
shapes the time course and mechanism of ho-
meostatic scaling. A brief blockade of NMDA
receptor (NMDAR) mediated miniature synaptic
events (‘‘minis’’) rapidly scales up synaptic
strength, over an order of magnitude faster
than with AP blockade alone. The rapid scaling
induced by NMDAR mini blockade is mediated
by increased synaptic expression of surface
GluR1 and the transient incorporation of Ca2+-
permeable AMPA receptors at synapses; both
of these changes are implemented locallywithin
dendrites and require dendritic protein synthe-
sis. These results indicate that NMDAR signal-
ing during miniature synaptic transmission
serves to stabilize synaptic function through ac-
tive suppression of dendritic protein synthesis.
INTRODUCTION
Homeostatic forms of synaptic plasticity have received
special attention as mechanisms that promote long-term
stability of neuronal function. Early studies demonstrated
that muscle denervation produces a marked compensa-
tory upregulation of postsynaptic receptors at the neuro-
muscular junction (e.g., Axelsson and Thesleff, 1959).
More recent studies have demonstrated that similar ho-
meostatic mechanisms operate at central synapses,
where long-term activity blockade induces a compensa-
tory increase in neurotransmitter release (e.g., Murthyet al., 2001) or a ‘‘scaling up’’ of postsynaptic-receptor cur-
rents (e.g., Turrigiano et al., 1998; O’Brien et al., 1998).
Typically, the development of this synaptic scaling is mea-
sured as a change in quantal or miniature synaptic trans-
mission, the action potential (AP) independent fusion of
synaptic vesicles at presynaptic terminals. This alternative
form of synaptic transmission, first described at the frog
neuromuscular junction over half a century ago (Fatt and
Katz, 1952), is now known to be a ubiquitous feature of
all synapses throughout the central nervous system. How-
ever, the function of miniature neurotransmission has not
been widely studied, perhaps owing to the low frequency,
small amplitude, and stochastic nature of these events.
Recent studies, however, have suggested that minia-
ture synaptic events (or ‘‘minis’’) may have a significant
impact on neuronal function. For example, minis can be
enhanced sufficiently to influence firing behavior in large
CA3 pyramidal cells (Sharma and Vijayaraghavan, 2003),
and individual minis can influence firing rates in electrically
compact neurons (Carter and Regehr, 2002). Moreover,
minis can influence structural remodeling at synapses
(e.g., McKinney et al., 1999), regulate the activity of post-
synaptic signaling pathways (e.g., Murphy et al., 1994),
and tonically suppress protein synthesis in dendrites of
hippocampal neurons (Sutton et al., 2004). Finally, a recent
study has shown that spontaneous and spike-driven neu-
rotransmission may utilize distinct pools of synaptic vesi-
cles (Sara et al., 2005). This finding suggests a separate
regulatory pathway for miniature synaptic transmission,
although it is not known what specific role (or roles) spon-
taneous neurotransmission might play.
Here, we identify a specific role for miniature synaptic
transmission in stabilizing synaptic function in hippocam-
pal neurons. We show that blockade of NMDA receptors
(NMDARs) in the presence of tetrodotoxin (TTX) scales
the amplitude of AMPA miniature excitatory postsynaptic
currents (mEPSCs) an order of magnitude faster than with
AP blockade alone. The rapid scaling induced by NMDAR
mini blockade requires the local, protein-synthesis-
dependent insertion of synaptic AMPA receptors (AMPARs)
with a unique subunit composition. Our results thus indi-
cate that a mode of NMDAR signaling during miniatureCell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 785
synaptic transmission acts to stabilize synaptic function
by suppressing local protein synthesis in dendrites.
RESULTS
Mini Blockade Shapes the Time Course
of Synaptic Scaling
We first reexamined the homeostatic regulation of synap-
tic function imposed by a chronic blockade of APs in cul-
tured hippocampal neurons (Figures 1A and 1B). We
found that, similar to previous reports (e.g., Turrigiano
et al., 1998), mEPSCs exhibited a time-dependent in-
crease in amplitude, but no change in frequency, during
chronic AP blockade with TTX (2 mM). A curious feature
of this synaptic scaling is its slow time course: An en-
hancement of mEPSC amplitude is not evident until >12
hr of AP blockade. Recently, we have shown that, during
AP blockade, the glutamatergic minis that persist inhibit
ongoing protein synthesis in neuronal dendrites (Sutton
et al., 2004). We thus hypothesized that minis may exert
a stabilizing influence on synaptic function via the tonic in-
hibition of dendritic protein synthesis that they provide.
Both AMPARs and NMDARs contribute to the transla-
tional inhibition conferred by minis (Sutton et al., 2004),
though mEPSCs recorded under typical voltage-clamp
conditions are dominated by the AMPAR component. Us-
ing specific antagonists, we thus focused on the contribu-
tion of NMDAR minis to the development of synaptic scal-
ing. We measured the magnitude of scaling by examining
the AMPAR mEPSCs since these currents can be readily
measured in cultured neurons treated with NMDAR antag-
onists. We first examined whether NMDARs are activated
during miniature synaptic transmission by treating neu-
rons with TTX (2 mM, 2.5 hr) with or without the irreversible
NMDAR open-channel blocker MK-801 (10 mM) over the
last 2 hr. We then recorded mEPSCs in the presence of
0 external Mg2+ to favor detection of the NMDAR compo-
nent in mixed AMPAR/NMDAR mEPSCs. We found that
MK-801 treatment during AP blockade significantly re-
duced the late component of mixed mEPSCs recorded
under these conditions (Figure 1D). These results indicate
that, consistent with previous reports (Murphy et al., 1994;
Wang et al., 1999; see also Kovalchuk et al., 2000; Yuste
et al., 1999; Emptage et al., 2003), NMDARs are active
during miniature synaptic transmission.
We next examined whether NMDAR minis affect the de-
velopment of synaptic scaling by applying NMDAR antag-
onists during AP blockade. Surprisingly, blocking NMDAR
minis (50 mM APV) during the last 1 or 3 hr of AP blockade
produced a rapid and time-dependent increase in the am-
plitude of mEPSCs without altering their frequency (Fig-
ures 1E–1G; see also Figures S1 and S2 in the Supple-
mental Data available with this article online). We found
a similar increase in mEPSC amplitude (but not frequency)
with MK-801 (10 mM for 3 hr, added 5 min following TTX;
mean ± SEM mEPSC amplitude/frequency, 3.1 hr TTX
alone = 14.7 ± 2.0 pA/1.3 ± 0.3 Hz, TTX + MK-801 =
20.8 ± 1.5 pA/1.6 ± 0.4 Hz, p < 0.05; n = 9 cells/group),786 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.confirming that the accelerated scaling is specifically
due to NMDAR blockade. A blockade of AMPARs with
CNQX (40 mM, 3 hr) in the presence of TTX also produced
a significant enhancement of mEPSC amplitude, but not
frequency, when CNQX was washed out of the bath (Fig-
ure S3). Moreover, APV delivered in the absence of TTX
also produced a selective increase in mEPSC amplitude
3 hr posttreatment (Figure S4), indicating that AP block-
ade is not absolutely required for the rapid scaling of
mEPSCs. Together, these results suggest that ongoing
miniature synaptic transmission acts to stabilize synaptic
efficacy during the early stages of activity blockade.
We next examined whether the rapid enhancement of
mEPSC amplitude induced by NMDAR mini blockade re-
quires new protein synthesis. Application of the protein-
synthesis inhibitors anisomycin (40 mM; Figures 1E–1G)
or cycloheximide (100 mM; Figure S2) completely pre-
vented the accelerated development of scaling by NMDAR
mini blockade. These results suggest that the NMDAR-
mediated stabilization of synaptic function is functionally
related to the tonic suppression of protein synthesis con-
ferred by minis (Sutton et al., 2004).
NMDAR Mini Blockade Enhances Synthesis
and Surface Expression of GluR1, but Not GluR2
Since blocking NMDAR minis produces a protein-synthe-
sis-dependent enhancement of mEPSC amplitude, we
next explored whether enhanced synthesis of AMPAR
subunits accompanies such blockade. Immunoprecipita-
tion of [35S]methionine/cysteine-labeled GluR1 from hip-
pocampal neurons revealed that either complete or selec-
tive NMDAR mini blockade enhanced GluR1 synthesis
relative to either blockade of APs alone or untreated con-
trols (Figure S5). Moreover, surface biotinylation assays
revealed that NMDAR mini blockade produced a time-
and protein-synthesis-dependent increase in the surface
expression of GluR1 in hippocampal neurons (Figure S5).
Interestingly, this was not accompanied by an increase in
surface expression of the GluR2 subunit, which is normally
present with GluR1 in heteromeric AMPARs in excitatory
hippocampal neurons (e.g., Wenthold et al., 1996). In ad-
dition, the expression of two other surface proteins—the
transferrin receptor and the NR1 subunit of NMDARs—
was not affected by NMDAR mini blockade.
The differential regulation of GluR1 and GluR2 AMPAR
subunits by NMDAR mini blockade in our biochemical
studies prompted us to ask whether GluR1 expression
was upregulated at synapses. We used live labeling with
antibodies specific for extracellular epitopes of either
GluR1 or GluR2 followed by fixation and immunocyto-
chemical staining for synaptic markers. High-resolution
confocal imaging of hippocampal neurons exposed to
AP blockade, AP + NMDAR mini blockade, or vehicle alone
was followed by three-dimensional analysis of overlapping
GluR and synaptic particles (Figures 2A and 2B). Under
these conditions, the density and volume of presynaptic
bassoon (costained with GluR1) and synaptophysin (cos-
tained with GluR2) particles did not differ between
Figure 1. Blockade of NMDAR Minis Induces a Rapid, Protein-Synthesis-Dependent Increase in mEPSC Amplitude
(A–C) Summary of experiments in which mEPSCs were recorded under control (untreated) conditions (n = 8 cells) or after 4, 12, 18, and 24 hr of AP
blockade (2 mM TTX for indicated times; n = 8, 10, 12, 11, respectively).
(A) Representative traces of mEPSCs. Scale bar = 20 pA, 100 ms.
(B and C) Mean mEPSC amplitude (B) and frequency (C) in neurons treated as indicated. *p < 0.05 relative to control.
(D) Average scaled mEPSC waveforms recorded in 0 extracellular Mg2+ following pretreatment with TTX (2 mM, 2.5 hr) either alone (black) or coinci-
dent with the irreversible open-channel NMDAR antagonist MK-801 (10 mM) for the last 2 hr (gray trace). The late NMDAR component to mEPSCs is
specifically attenuated by MK-801. Scale bar = 20 ms.
(E–G) Summary of experiments in which mEPSCs were recorded under control conditions (n = 10) or after 4 hr of AP blockade (2 mM TTX) either alone
(no APV; n = 8) or coincident with APV (50 mM) for the last 1 hr (n = 9) or last 3 hr (n = 10). mEPSCs were also recorded after pretreatment with ani-
somycin (40 mM; 3.5 hr) with the same treatment conditions: control (n = 9), TTX alone (n = 10), TTX + 1 hr APV (n = 8), TTX + 3 hr APV (n = 11).
(E) Representative traces of mEPSCs. Gray bar indicates that TTX was present for the duration of the experiment. Scale bar = 20 pA, 250 ms.
(F and G) Mean mEPSC amplitude (F) and frequency (G) in neurons treated as indicated. *p < 0.05 relative to control and TTX alone. All error bars
indicate SEM.treatment groups (Figure 2C). In contrast, blockade of
NMDAR minis induced a significant and protein-synthesis-
dependent increase in the total volume of GluR1, but notGluR2, present at synaptic sites (Figure 2D). The increased
synaptic expression of GluR1 was due to two distinct
changes in surface GluR1 expression: (1) an 25%Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 787
Figure 2. NMDAR Mini Blockade Induces a Protein-Synthesis-Dependent Increase in the Surface Expression of GluR1, but Not
GluR2, at Synapses
Neurons were untreated (controls) or treated with 2 mM TTX (3.5 hr) either alone (TTX) or with APV (50 mM, 3 hr) coincident with the last 3 hr of TTX
treatment prior to surface immunostaining for GluR1 (n = 68, 70, 68 cells, respectively) or GluR2 (n = 61, 58, 60 cells, respectively) and immunostaining
for the indicated presynaptic marker. A parallel set of experiments included anisomycin (40 mM; 3.5 hr; n = 58, 59, and 64 cells for controls, TTX alone,
and TTX + APV, respectively).788 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.
increase in the average volume of synaptic GluR1 particles
(Figure 2E) and (2) an 20% increase in the proportion of
synapses containing GluR1 (Figure 2F), with the latter
effect presumably reflecting the incorporation of GluR1
clusters at synaptic sites that were occupied by AMPARs
composed of GluR2 and GluR3 subunits.
Rapid Scaling Induced by NMDAR Mini Blockade
Is Implemented Locally in Dendrites
Does NMDAR mini blockade increase GluR1 surface ex-
pression in a spatially specific fashion? To investigate
this possibility, we used a dual micropipette perfusion sys-
tem to locally disrupt miniature synaptic transmission in
isolated regions of dendrites. Dishes of cultured neurons
were continuously perfused with saline containing TTX.
A delivery micropipette was loaded with the same solution
plus APV (or other agents, as indicated) and a fluorescent
dye to visualize the perfused area. A nearby suction micro-
pipette was used to draw a stream of perfusate from the
delivery pipette across isolated regions of selected den-
drites and to remove the treatment perfusate from the
bath. Following a 90–105 min period of local perfusion,
neurons were live labeled with a surface GluR1 antibody,
fixed, and processed for immunostaining.
As shown in Figures 3A–3E, local blockade of NMDAR
minis induced a significant increase in GluR1 surface
expression in the perfused region, indicating the local sur-
face addition of GluR1. When we examined surface GluR1
expression at equidistant locations (relative to the soma) in
untreated dendrites from those same cells, there was no
change (mean ± SEM relative surface GluR1 expression =
1.02 ± 0.06, n = 8). Furthermore, in parallel experiments,
in which the vehicle alone was locally delivered, no in-
crease in surface GluR1 expression was observed (Fig-
ure 3E). We also found that a brief pretreatment with ani-
somycin (30 min prior to local APV perfusion) blocked
the localized increase in surface GluR1 expression in-
duced by NMDAR mini blockade.
Local NMDAR mini blockade induces a local increase
in GluR1 surface expression that requires new protein
synthesis. To investigate the possibility that this transla-
tion requirement is also local, we locally disrupted protein
synthesis during global NMDAR mini blockade. Dendrites
were locally perfused with either of two protein-synthesis
inhibitors, anisomycin (40 mM) or emetine (25 mM), during
bath application of TTX + APV. Post hoc imaging of sur-
face GluR1 expression revealed a significant reduction inthe perfused region relative to all other dendritic segments
(Figures 3F and 3G), demonstrating a requirement for local
dendritic protein synthesis. Taken together, these experi-
ments suggest that the control of local protein synthesis
by ongoing miniature synaptic transmission regulates
the surface population of GluR1 subunits.
Accelerated Synaptic Scaling Induced by NMDAR
Mini Blockade Recruits AMPARs with a Unique
Subunit Composition to Synapses
The regulation of cell-surface GluR1, but not GluR2, sub-
units at synapses suggested the possibility that NMDAR
mini blockade recruits AMPARs with a novel composition
(i.e., GluR2-lacking receptors) to synapses. To test this hy-
pothesis, we examined whether the effects of NMDAR mini
blockade could be reversed by 1-napthylacetylspermine
(Naspm), a specific antagonist of GluR2-lacking AMPARs
(e.g., Blaschke et al., 1993). To verify the specificity of
Naspm, we first tested its effects on hippocampal neurons
expressing GFP-tagged GluR1 or GluR2 subunits. In addi-
tion to enhancing the expression of heteromeric AMPARs,
overexpression of individual AMPAR subunits promotes
the formation of homomeric receptor complexes (e.g.,
Shi et al., 2001). We found that overexpression of either
GluR1 or GluR2 for 18–22 hr induced a significant increase
in mEPSC amplitude in infected neurons relative to non-
infected controls (Figures 4A and 4B). Consistent with its
established specificity, however, Naspm (10 mM) reversed
only those changes in mEPSC amplitude induced by over-
expression of GluR1, not GluR2.
We next examined whether the increase in mEPSC am-
plitude induced by NMDAR mini blockade results from the
incorporation of GluR2-lacking AMPARs at synaptic sites.
If this is the case, these mEPSCs should be uniquely sen-
sitive to Naspm. Indeed, we observed that application of
Naspm rapidly reversed the time-dependent enhance-
ment of mEPSC amplitude induced by NMDAR mini
blockade with little effect on mEPSC amplitude in control
neurons or those treated with TTX alone (Figures 4C and
4D). Moreover, blocking protein synthesis with anisomy-
cin prevented both the increase in mEPSC amplitude after
3 hr NMDAR mini blockade as well as the sensitivity of
these neurons to Naspm. Together, these results demon-
strate that NMDAR mini blockade induces a protein-
synthesis-dependent synaptic insertion of AMPARs that
lack the GluR2 subunit.(A and B) Three-dimensional representations of straightened dendrites showing surface immunostaining for GluR1 or GluR2 (green; R1 and R2, re-
spectively) and the synaptic marker (red; bassoon for GluR1 and synaptophysin for GluR2). The left image shows all GluR and synaptic particles; the
right image shows only those GluR particles that exhibit overlap with the synaptic marker. Scale bar = 5 mm.
(C) Group data for bassoon and synaptophysin following the indicated treatments.
(D) Group data for integrated synaptic GluR volume per unit of dendritic length (normalized to control), representing the summed volume of all GluR
particles that exhibit overlap with a synaptic marker.
(E) Average volume of GluR particles exhibiting overlap with the synaptic marker (normalized to control).
(F) Proportion of synapses containing GluRs. Note that under basal conditions, a higher proportion of synaptic particles are associated with GluR2
relative to GluR1, presumably owing to the presence of GluR2 subunits in both GluR1/GluR2 and GluR2/GluR3 heteromeric AMPARs in these neu-
rons. *p < 0.05 relative to control and TTX alone. All error bars indicate SEM.Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 789
Figure 3. Restricted NMDAR Mini Blockade Enhances Surface GluR1 Expression via Local Dendritic Protein Synthesis
(A) Representative DIC image showing cultured hippocampal neuron with superimposed APV perfusion spot (red).
(B) Surface GluR1 immunostaining for the neuron shown in (A). Color lookup table indicates surface GluR1 fluorescence intensity. Scale bar = 10 mm.
Arrow = dendrite for (C) and (D).
(C) Straightened dendrite from (B) showing surface GluR1 immunofluorescence relative to the perfusion spot. Scale bar = 5 mm.
(D) Three-dimensional plot of relative pixel intensity for the dendrite shown in (C) with adjacent perfusion spot. Scale bar = 10 mm.
(F) Three-dimensional plot of relative surface GluR1 immunofluorescence in a linearized dendrite from an experiment in which anisomycin was locally
delivered during global NMDAR mini blockade; the perfusion spot is also depicted. Scale bar = 10 mm.
(E and G) Analysis of group data. The abscissa shows the distance from the treated area, normalized such that a value of 1 indicates a distance equal to
the size of the perfusion spot; positive and negative values indicate, respectively, segments proximal and distal to the treated area. Local NMDAR mini
blockade produced a translation-dependent increase in relative surface GluR1 expression in the treated region and immediately adjacent distal dendritic
segment. Local perfusion of either anisomycin or emetine during global NMDAR mini blockade led to a significant decrease in cell-surface GluR1 that
was concentrated at the perfused region. Range/mean ± SEM size of perfused area, local APV (n = 14 dendrites/9 cells): 24.6–58.5 mm/39.9 ± 4.1 mm;
local vehicle (n = 12 dendrites/6 cells): 21.8–56.8 mm/33.6 ± 3.9 mm; bath aniso (n = 11 dendrites/6 cells): 20.8–52.4 mm/32.1 ± 4.2 mm; local aniso (n = 12
dendrites/6 cells): 21.8–58.0 mm/38.5 ± 4.9 mm; local emetine (n = 11 dendrites/7 cells): 22.2–59.2 mm/35.1 ± 3.3 mm. All error bars indicate SEM.Time-Dependent Replacement
of GluR2-Lacking AMPARs
Chronic AP blockade alone (24 hr) induces synaptic scal-
ing of a magnitude roughly equivalent to a brief (3 hr)790 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.NMDAR mini blockade, so we next examined whether
the mechanisms underlying the two forms of synaptic
scaling are similar. Whereas application of Naspm re-
versed the enhancement of mEPSC amplitude after mini
Figure 4. The Rapid Scaling Induced by NMDAR Mini Blockade Is Due to the Transient Presence of GluR2-Lacking Channels at
Synaptic Sites
(A) Representative traces of mEPSCs recorded from control neurons (n = 7) and neurons expressing either GluR1-GFP (n = 8) or GluR2-GFP (n = 8).
(B) Mean mEPSC amplitude, before and after Naspm application, in groups treated as indicated. *p < 0.05 relative to controls; **p < 0.05 relative to
baseline. Scale bar = 20 pA, 250 ms.
(C and D) Summary of experiments in which mEPSCs were recorded before and after the application of Naspm under control conditions (n = 8) or after
3.5 hr of AP blockade (2 mM TTX) either alone (TTX; n = 7) or coincident with APV (50 mM) for the last 1 hr (n = 9) or last 3 hr (n = 8). An additional group of
neurons were pretreated with 40 mM anisomycin 30 min prior to 3 hr NMDAR mini blockade (APV + aniso; n = 8).
(C) Representative traces of mEPSCs recorded before and after Naspm application. Scale bar = 20 pA, 250 ms.
(D) Summary of data depicting the time course of Naspm’s effect.
(E) Analysis of the effects of prolonged AP or NMDAR mini blockade on mEPSC amplitude and sensitivity to Naspm.
(F) Analysis of the time course and magnitude of Naspm’s effect on enhanced mEPSC amplitudes. All error bars indicate SEM.blockade to near control levels, it had no effect on mEPSC
amplitudes after 24 hr blockade of APs alone (Figure 4E),
suggesting that the synaptic incorporation of GluR2-lack-
ing AMPARs is a mechanism unique to scaling induced by
mini blockade.
We next examined the persistence of the synaptic ex-
pression of GluR2-lacking AMPARs during NMDAR miniblockade. We first found that the enhancement of mEPSC
amplitude was maintained at similar levels after different
periods of NMDAR mini blockade ranging from 3 to
24 hr (Figures 4E and 4F). However, over this 24 hr period,
we documented a progressive loss in the sensitivity of
mEPSC amplitude to Naspm. This time-dependent sensi-
tivity to Naspm indicates that the synaptic incorporation ofCell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 791
Figure 5. Blockade of NMDA-Mediated
mEPSCs in Hippocampal Slices Results
in a Rapid Scaling of mEPSC Amplitude,
but Not Frequency
(A) Representative sweeps taken from individ-
ual experiments, as indicated. Scale bar =
20 pA, 250 ms.
(B and C) Analysis showing that NMDAR mini
blockade caused a significant (*p < 0.05) pro-
tein-synthesis-dependent increase in mEPSC
amplitude (B), but not mEPSC frequency (C).
(D) Representative sweeps before and after
Naspm application in a slice treated with TTX +
APV. Scale bar = 20 pA, 250 ms.
(E) Summary of analysis for all Naspm experi-
ments. All error bars indicate SEM.GluR2-lacking AMPARs is a transient modification that is
slowly reversed by a replacement of these receptors
with GluR2-containing AMPARs.
NMDAR Mini Blockade Rapidly Scales Synaptic
Strength in Hippocampal Slices
We have also investigated whether the rapid synaptic scal-
ing induced by NMDAR mini blockade can be observed in
acute hippocampal slices, where the intrinsic hippocam-
pal circuitry is largely preserved. We exposed slices to
AP blockade or NMDAR mini blockade and then examined
the qualities of mEPSCs. Whole-cell patch-clamp record-
ings from CA1 pyramidal neurons revealed that 3 hr
NMDAR mini blockade scaled up the amplitude (but not
frequency) of mEPSCs, whereas AP blockade alone for
the same duration did not (Figures 5A–5C). Furthermore,
the scaling of mEPSC amplitude induced by mini blockade
was prevented by anisomycin (Figures 5A–5C) and re-
versed by Naspm (Figures 5D and 5E). Thus, NMDAR
mini blockade also rapidly scales synaptic strength in792 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.CA1 pyramidal neurons in acute hippocampal slices via
a protein-synthesis-dependent incorporation of GluR2-
lacking AMPARs at synaptic sites.
Local Control over Synaptic Addition
of GluR2-Lacking AMPARs within Dendrites
It is well established that AMPARs lacking the GluR2 sub-
unit exhibit significant permeability to Ca2+ (Hollmann
et al., 1991; Verdoorn et al., 1991). Moreover, unlike other
Ca2+-permeant channels such as the NMDAR or voltage-
gated Ca2+ channels, GluR2-lacking AMPARs exhibit
a significant permeability to Co2+ (Pruss et al., 1991). We
took advantage of this unique property to investigate
whether the synaptic incorporation of these AMPARs is
also regulated locally within dendritic segments. To this
end, we adapted a technique to image activity at GluR2-
lacking AMPARs that exploits the ability of Co2+ to stoi-
chiometrically quench the fluorescent dye calcein (Dravid
and Murray, 2003). Using quenching of intracellular cal-
cein fluorescence as a readout, we examined the ability
Figure 6. Co2+ Influx through GluR2-Lacking AMPARs
Neurons were untreated (controls; n = 45 dendrites) or treated with 2 mM TTX (3.5 hr) either alone (TTX; n = 45 dendrites) or with 50 mM APV (TTX + APV;
n = 43 dendrites) coincident with the last 3 hr of TTX treatment prior to calcein imaging. Other groups administered TTX + APV were pretreated with
40 mM anisomycin 30 min prior to APV (+aniso; n = 36 dendrites) or treated with 40 mM CNQX (n = 20 dendrites) or 10 mM Naspm (n = 22 dendrites)
10 min after APV, 15 min prior to Co2+ addition. (A) shows representative straightened dendrites, and (B) shows summary of data for the experimental
groups indicated. Each pair of dendrites in (A) depicts calcein fluorescence immediately before (top image) and 5 min after Co2+ addition (bottom
image). Color lookup table indicates calcein fluorescence intensity; scale bar = 10 mm. Neurons experiencing NMDAR mini blockade demonstrate
significant quenching of calcein fluorescence (*p < 0.05 relative to all other groups). All error bars indicate SEM.of miniature neurotransmission to drive Co2+ influx
through synaptic GluR2-lacking AMPARs. Following a
brief period of dye loading, a baseline image was ac-
quired, followed immediately by addition of an excess of
extracellular CoCl2 (500 mM) to the bath. Calcein fluores-
cence was essentially unchanged 5 min after Co2+ addi-
tion in untreated control neurons and those neurons
treated with TTX alone (Figures 6A and 6B). In contrast,
neurons that experienced a 3 hr NMDAR mini blockade
demonstrated robust quenching of calcein fluorescence,
an effect that was blocked by pretreatment with anisomy-
cin. Further experiments (Figure 6B) confirmed that the
source of Co2+ influx in these neurons was through
AMPARs: The Co2+-induced quenching of calcein fluores-
cence in neurons treated with TTX + APV was prevented
by brief pretreatment with either the general AMPAR an-
tagonist CNQX or Naspm. Taken together, these results
provide additional evidence that NMDAR mini blockade
leads to the protein-synthesis-dependent incorporation
of GluR2-lacking AMPARs at synapses.
We next extended this imaging approach to ask whether
the membrane insertion of GluR2-lacking AMPARs re-
quires local processing within dendrites. We first examined
whether local NMDAR mini blockade leads to a local sur-
face addition of GluR2-lacking AMPARs by examining
the relative rates of Co2+-induced quenching of calcein
fluorescence in perfused versus neighboring segments of
the same dendrite. As in our previous experiments, we lo-
cally restricted the perfusion of APV to isolated dendritic
segments, then loaded neurons with calcein-AM. Follow-
ing acquisition of a baseline image, Co2+ was added extra-
cellularly, and neurons were repeatedly imaged. We foundthat Co2+-induced quenching of intracellular calcein fluo-
rescence was initially evident in the perfused dendritic
segment (Figures 7A–7D). Moreover, the onset of Co2+-
induced quenching exhibited a clear relationship with
distance from the treated area—areas adjacent to the per-
fused region quenched next, followed by more distant re-
gions. These results strongly suggest that the perfused
area was the source of Co2+ influx in these dendrites, indi-
cating that restricted NMDAR mini blockade leads to the
local addition of GluR2-lacking receptors at synaptic sites.
We next examined whether the synaptic addition of
GluR2-lacking AMPARs induced by NMDAR mini block-
ade requires local protein synthesis in dendrites using local
perfusion of anisomycin on a background of whole-dish
mini blockade. These experiments revealed the opposite
pattern of results: Co2+-induced quenching of calcein fluo-
rescence in the anisomycin-treated dendritic segment was
significantly delayed relative to all other untreated regions
(Figures 7E–7H). Thus, untreated proximal and distal den-
dritic segments, but not the perfused segment, were the
apparent source of Co2+ influx in these dendrites. These
results suggest that local protein synthesis in dendrites
is required for the synaptic addition of GluR2-lacking
AMPARs induced by NMDAR mini blockade.
DISCUSSION
We have shown that the miniature synaptic transmission
that persists during AP blockade acts to stabilize synaptic
function, which represents the first specific functional role
identified for this form of synaptic transmission. When this
influence is removed by NMDAR mini blockade, weCell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 793
Figure 7. NMDAR Mini Blockade Induces Local, Protein-Synthesis-Dependent Insertion of GluR2-Lacking AMPARs
(A) Representative DIC image showing cultured hippocampal neuron with superimposed APV perfusion spot (red). Scale bar = 20 mm.
(B) Calcein-loaded straightened dendrites from the APV-perfused neuron shown in (A), before (top image) and 30 s after Co2+ addition to the bath
(bottom image). Scale bar = 20 mm.
(C) Three-dimensional plot of pixel intensity for the dendrite and perfusion spot shown in (B).
(D) Summary analysis of calcein fluorescence intensity relative to the initiation of Co2+-induced quenching in neurons locally perfused with APV. The
symbols within the black bar indicate dendritic segments of varying distance relative to the perfusion spot (red circle). The x axis indicates time relative
to the initiation of quenching. Co2+-induced quenching of calcein fluorescence proceeded first in the treated region, followed successively by quench-
ing in other dendritic segments in a distance-dependent manner.
(E) Representative DIC image showing cultured hippocampal neuron with superimposed anisomycin perfusion spot (red); TTX + APV was applied to
the bath. Scale bar = 20 mm.
(F) Calcein-loaded straightened dendrites from the anisomycin-perfused neuron shown in (E), before and after Co2+ addition to the bath. Perfusion
spot is indicated in red above the dendrites. Scale bar = 20 mm.
(G) Three-dimensional plot of pixel intensity and perfusion spot for the dendrite shown in (F). A preservation of calcein fluorescence following bath
application of Co2+ is evident in the perfused region, while adjacent regions show quenching.794 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.
observe a rapid protein-synthesis-dependent scaling of
mEPSC amplitude. The accelerated form of synaptic scal-
ing induced by NMDAR mini blockade is first mediated by
an increase in synaptic expression of surface GluR1 sub-
units and the incorporation of GluR2-lacking AMPARs at
synaptic sites; both of these changes are implemented
locally and require local dendritic protein synthesis. Al-
though the synaptic scaling induced by NMDAR mini
blockade persists over a 24 hr period, the synaptic under-
pinnings change—synaptic GluR2-lacking AMPARs are
slowly replaced by GluR2-containing receptors via
a mechanism that remains to be defined. Taken together,
our results suggest that synapses are subject to dynamic
regulation by ongoing local translational activity in den-
drites, indicating a degree of temporal and spatial homeo-
static control previously unappreciated.
The rapid scaling induced by NMDAR mini blockade is
observed in both cultured neurons and acute hippocam-
pal slices, suggesting a similar stabilizing role for miniature
synaptic transmission in vivo. Thus, during synaptic devel-
opment and during plasticity, the presence or absence of
minis may serve as a critical signal for whether a synapse
will be strengthened, maintained, or perhaps eventually
lost. Importantly, this functional role for miniature events
need not be confined to the maintenance of baseline syn-
aptic strength but could also be used to stabilize recently
induced synaptic plasticity. It is well established, for ex-
ample, that the induction of long-lasting changes in
evoked synaptic transmission is often met with corre-
sponding changes in the frequency/amplitude of minia-
ture synaptic transmission. Consistent with a role for this
plasticity of miniature synaptic transmission in stabilizing
synaptic efficacy, a recent study has demonstrated that
the frequency and amplitude of preexisting spontaneous
EPSCs in CA1 pyramidal neurons is inversely correlated
with the efficiency with which long-term synaptic depres-
sion can be induced (Zhang et al., 2005). Taken together
with our results demonstrating a causal relationship be-
tween miniature synaptic activity and stability of synaptic
function, these findings suggest that dynamic changes in
miniature neurotransmission provide rapid feedback con-
trol of synaptic strength.
Local versus Global Scaling of Synaptic Function
The slow homeostatic scaling induced by AP blockade is
thought to reflect a global cellular response imposed by
changes in the overall synaptic drive on the cell (Turrigiano
et al., 1998). There are certain logical advantages to this
global scaling, such as preserving relative differences in
synaptic weights while maintaining neuronal firing rates
in a dynamic range (Turrigiano and Nelson, 2004). Our
data suggest, however, that an alternative form of scal-ing—one that is tightly associated with spontaneous
synaptic activity at a smaller number of synapses—also
operates on a local level within dendrites. This local mech-
anism also has several advantages that complement
those of mechanisms that operate over broader spatial
scales. Perhaps the most obvious of these is how rapidly
this local scaling can act to alter synaptic composition
(<60 min), suggesting the capability for online calibration
of synaptic strength. Another clear advantage of this
form of regulation is its versatility: By adjusting the magni-
tude/frequency of miniature synaptic transmission at par-
ticular sets of inputs, the degree of homeostatic control is
tunable in a spatially specific manner. Additionally, the
sensitivity to local synaptic signaling strongly facilitates
implementing the necessary synaptic modifications at
the appropriate site. This is an exceptional advantage in
pyramidal neurons of the hippocampus and cerebral cor-
tex, which receive 30,000 unique synaptic inputs. We
note, however, that our results do not address whether
the local scaling we describe operates in a synapse-
specific fashion, since relatively large dendritic segments
(typically30–40 mm) were locally perfused, a length con-
taining an estimated 60–100 synapses.
Taken together with previous studies, our results sug-
gest that AP-blockade and mini-blockade-induced scal-
ing may utilize distinct molecular mechanisms. For exam-
ple, a recent study (Wierenga et al., 2005) demonstrated
that GluR1 and GluR2 are regulated coordinately during
scaling induced by chronic AP blockade, a finding that is
consistent with our observations that scaled mEPSCs af-
ter 24 hr AP blockade are insensitive to Naspm. Moreover,
other studies have suggested that synaptic modifications
underlying scaling induced by AP blockade might arise by
mechanisms targeting the preexisting complement of syn-
aptic proteins rather than the regulated synthesis of new
components (O’Brien et al., 1998; Ehlers, 2003). However,
consistent with our results, Thiagarajan and colleagues
(2005) have shown that prolonged (24 hr) AMPAR block-
ade also leads to synaptic insertion of GluR2-lacking
AMPARs, although the role of translation in this effect was
not explored. When considered together, these observa-
tions suggest the existence of multiple homeostatic stabili-
zation mechanisms in neurons that utilize distinct molecular
pathways and operate over different spatial scales.
Dynamic Control of AMPAR Subunit Content
It is probably not coincidental that blockade of NMDARs,
the principal source of activity-driven Ca2+ influx at synap-
ses, leads to changes that not only scale up synaptic func-
tion but also compensate for the loss of synaptic calcium
signaling associated with NMDAR blockade. Thus, the
transient synaptic expression of GluR2-lacking AMPARs(H) Summary analysis of calcein fluorescence intensity relative to the initiation of Co2+-induced quenching in neurons locally perfused with anisomycin
during bath application of APV. Legend and x axis are the same as in (D). Co2+-induced quenching was significantly retarded in the anisomycin-
treated segment relative to adjacent regions. Range/mean ± SEM size of perfused area, local APV (n = 12 dendrites/6 cells): 20.8–58.6 mm/39.1 ±
3.9 mm; local aniso (n = 8 dendrites/4 cells): 24.8–55.7 mm/38.8 ± 4.2 mm. All error bars indicate SEM.Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 795
likely plays at least two unique roles: as a mechanism for
rapid scaling of synaptic strength and as a means to main-
tain Ca2+ signaling at synapses.
Outside of maintaining Ca2+ homeostasis, the transient
expression of GluR2-lacking AMPARs likely plays other
roles. In particular, the transient expression of GluR2-lack-
ing, Ca2+-permeable AMPARs would endow individual
synapses with a unique signature of recent modification,
i.e., a defined period in which synaptic transmission gives
rise to AMPAR-dependent Ca2+ signaling. We speculate
that this may contribute to the mechanism by which spe-
cific synapses are recognized and acted upon by later
processing events for more permanent changes in synap-
tic function. Supporting this possibility is the fact that the
scaling of mEPSC amplitude induced by NMDAR mini
blockade is maintained at similar levels over the same pe-
riod that large-scale AMPAR replacement occurs (Figures
4E and 4F). Thus, the transient synaptic modification in-
duced by NMDAR mini blockade is specifically reversed,
but the original change in synaptic strength is maintained.
Mechanism of Local Synaptic Scaling
How do GluR2-lacking receptors get assembled and
delivered? One attractive possibility is that these new
AMPARs represent GluR1 subunits that are synthesized de
novo and assembled into homomeric complexes locally
in dendrites. This class of mechanism is supported by
our findings that NMDAR mini blockade upregulates over-
all neuronal GluR1 synthesis as well as the local surface
expression of GluR1, but not GluR2. Moreover, overex-
pression of GluR1 alone is sufficient to recapitulate the
primary characteristic exhibited by scaling induced by
NMDAR mini blockade—a Naspm-sensitive increase in
mEPSC amplitude. This possibility is also supported indi-
rectly by studies reporting the amplification of mRNAs for
AMPAR subunits from dendrites of cultured hippocampal
neurons (Miyashiro et al., 1994; but see Benson, 1997) and
others reporting local synthesis and surface delivery of re-
combinant overexpressed GluR1 and GluR2 in transected
hippocampal dendrites (Kacharmina et al., 2000; Ju et al.,
2004). Moreover, dendrites express mRNAs encoding
other integral membrane proteins (for review, see Steward
and Schuman, 2003), express protein components of the
endoplasmic reticulum (ER) and Golgi apparatus (e.g.,
Gardiol et al., 1999; Pierce et al., 2000), exhibit glycosyla-
tion activity typical of the Golgi (Torre and Steward, 1996),
and demonstrate functional ER-Golgi transport (Horton
and Ehlers, 2003).
The results discussed above suggest that dendrites
have the capacity for local synthesis, assembly, and sur-
face delivery of multimeric proteins, and our results are
clearly consistent with the notion that GluR1 subunits are
synthesized and assembled into homomeric receptors
locally within dendrites. Nevertheless, we feel that the
alternative possibility—that preexisting GluR2-lacking
AMPARs are specifically recruited to synapses via local
synthesis of a different class of proteins—is also viable.
Some studies have provided evidence for a preexisting796 Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc.pool of GluR2-lacking AMPARs in the dendrites of pyrami-
dal neurons in hippocampal slices and pyramidal-like hip-
pocampal neurons in culture (e.g., Lerma et al., 1994; Yin
et al., 1999). Moreover, functional ER-Golgi trafficking
appears to operate over rather large distances in dendrites
(Horton and Ehlers, 2003), and the representation of the
Golgi in distal dendrites is quite sparse relative to the cell
body (Horton and Ehlers, 2003; unpublished data). Thus,
an important unresolved issue regarding local translational
control in dendrites is the extent to which local synthesis,
assembly, and cell-surface delivery of integral membrane
proteins such as neurotransmitter receptors can be con-
fined to particular spatial domains. While our results do
not definitively bear on this specific issue, they do never-
theless demonstrate that the functional surface expression
of these receptors and their subunit-specific properties
can be tightly controlled in space and time by ongoing den-
dritic protein synthesis. Even more importantly, miniature
synaptic transmission acting via this local regulatory path-
way functions to dynamically control synaptic strength.
EXPERIMENTAL PROCEDURES
Cell Culture and Infection
Dissociated postnatal (P1–P2) rat hippocampal neuron cultures,
plated at a density of 230–460 mm2 in poly-D-lysine-coated glass-bot-
tom Petri dishes (Mattek), were prepared as previously described
(Aakalu et al., 2001) and maintained for at least 14 days in vitro at 37ºC
in growth medium (Neurobasal A supplemented with B27 and Gluta-
max-1 [Invitrogen]) prior to use. For infection with Sindbis viral vectors
expressing N-terminal GFP-tagged GluR1 and GluR2 (Shi et al., 2001),
cells were washed once with growth medium and then incubated with
virus (diluted in conditioned medium) for 18–22 hr at 37ºC.
Electrophysiology
Whole-cell patch-clamp recordings were made with an Axopatch
200B or Axopatch 1D amplifier from acute hippocampal slices (see be-
low) or cultured hippocampal neurons bathed in HEPES-buffered sa-
line (containing [in mM] 119 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 30 glucose,
10 HEPES [pH 7.4]) plus 1 mM TTX and 20 mM bicuculline. Whole-cell
pipette internal solutions contained (in mM) 100 cesium gluconate,
0.2 EGTA, 5 MgCl2, 2 adenosine triphosphate, 0.3 guanosine triphos-
phate, 40 HEPES (pH 7.2) and had resistances ranging from 4 to 6 MU
and 6 to 8 MU for culture and slice experiments, respectively. Pyrami-
dal neurons or cultured neurons with a pyramidal-like morphology
were voltage clamped at 70 mV, and series resistance was left
uncompensated. mEPSCs were analyzed offline using Synaptosoft
Mini Analysis software.
For experiments examining the amplitude and frequency of
mEPSCs in cultured neurons following specific pretreatments, treat-
ments were delivered in conditioned media for the appropriate interval,
then the media was replaced with HBS 5–40 min prior to recording.
mEPSCs were recorded in individual neurons for typical periods rang-
ing from 5 to 10 min. For experiments examining the effects of Naspm
on mEPSCs, mEPSCs were recorded first over a baseline period of
5–10 min and for an additional 8–10 min following Naspm treatment.
Statistical differences between experimental conditions were deter-
mined by ANOVA and Fisher’s post hoc LSD test.
Hippocampal Slices
Acute hippocampal slices (500 mm) were prepared from 21- to 28-day-
old male Sprague-Dawley rats with an oscillating tissue slicer or
tissue chopper. Transverse hippocampal slices were prepared and
maintained in artificial cerebrospinal fluid (aCSF; containing [in mM]
119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.3 NaHCO3,
11 glucose [pH 7.2]) saturated with 95% O2/5% CO2. Slices recovered
in an interface chamber for at least 2 hr at room temperature prior to
treatment with aCSF alone (control), 1 mM TTX alone, or 1 mM TTX +
50 mM APV for 3 hr at 32ºC. In experiments using anisomycin
(40 mM), it was applied 30 min prior to and throughout TTX + APV treat-
ment. Upon completion of the treatment interval, slices were trans-
ferred to a submerged chamber and perfused continuously with oxy-
genated aCSF containing 0.5 mM TTX and 10 mM bicuculline.
Immunocytochemistry
Prior to labeling, neurons were untreated (controls) or treated with TTX
(2 mM; 3.5 hr) in conditioned media either alone or with APV (50 mM) co-
incident with the last 3 hr of TTX treatment. Anisomycin (40 mM; 3.5 hr),
when used, was applied with the onset of TTX treatment for the same
duration in all treatment groups. Live labeling of GluR1 and GluR2 with
rabbit polyclonal anti-GluR1 (10 mg/ml; EMD Biosciences) or mouse
monoclonal anti-GluR2 (12 mg/ml; Chemicon), followed by immunocy-
tochemical labeling with either mouse monoclonal anti-bassoon
(1:1000; StressGen) or rabbit polyclonal anti-synaptophysin (1:1000;
Santa Cruz), was performed as previously described (Patrick et al.,
2003).
For analysis of immunocytochemistry experiments, images were ob-
tained with a Zeiss LSM 510 laser scanning confocal microscope using
a Plan-Apochromat 633/1.4 oil objective with 23 digital zoom. Alexa
488 and 546 were visualized by excitation with the 488 line of an argon
ion laser and the 543 nm line of a HeNe laser, respectively, with emis-
sion filters of LP 505 and BP 565–615. Neurons with a pyramidal-like
morphology were selected for imaging by epifluorescence visualiza-
tion of bassoon or synaptophysin staining to ensure blind sampling
of surface GluR expression. Identical acquisition parameters were
used to acquire images from each treatment condition. For analysis,
the principal dendrite of each neuron was linearized using the
straighten plugin for ImageJ, and 3D colocalization and particle analy-
sis was performed using custom-written functions in Matlab (The
MathWorks, Inc.) as previously described (Smith et al., 2005). Data
for each variable in all groups were normalized to the average value
in untreated controls within each experiment. Statistical differences
were assessed by ANOVA, followed by Fisher’s post hoc LSD test.
Calcein Imaging
For calcein experiments, neurons were pretreated in conditioned me-
dia as in immunocytochemistry experiments prior to calcein loading.
The dye incubation and imaging parameters used for calcein experi-
ments were determined empirically in pilot experiments designed to
optimize Co2+-induced quenching of intracellular calcein fluores-
cence. These initial experiments revealed that moderate excitation of
calcein at 488 nm photoconverts a fraction of the dye to a form that
is insensitive to quenching by Co2+ (data not shown), similar to so-
called ‘‘antibleaching’’ that occurs with some ion-indicator dyes
(e.g., Scheenen et al., 1996). To circumvent this problem, we used
higher concentrations of the dye, used bright-field optics (rather than
arc lamp illumination) for selecting neurons, and imaged less fre-
quently at minimal laser power (0.06%–0.20%); under these condi-
tions, robust Co2+-induced quenching of calcein fluorescence was ob-
served. All calcein loading and imaging was performed in HBS
containing 1 mM TTX. Neurons were washed once, then incubated
with 10 mM calcein-AM (Molecular Probes) for 10 min at real time. Neu-
rons were then washed three times to remove residual extracellular
dye and were allowed to incubate for 10 min prior to imaging. Calcein
fluorescence was monitored in pyramidal-like neurons (i.e., those with
dendritic spines and a pyramidal-like morphology) with an Olympus
IX-70 confocal laser scanning microscope using a Plan-Apochromat
603/1.4 oil objective and 23 digital zoom. For all experiments, the
number of images and the laser power used for acquisition were pre-
cisely matched across all treatment groups—images were acquired in0.5 mm sections for a Z series totaling 8.0 mm, which captured the full
extent of the dendrites of interest. Immediately following the acquisi-
tion of a baseline Z series, an excess of CoCl2 (500 mM) was added
to the bath, and a second Z series was acquired 5 min later. The aver-
age intensity of calcein fluorescence before and after cobalt addition
was measured in linearized dendritic segments; significant differences
in this ratio were assessed by ANOVA and Fisher’s post hoc LSD test.
Local Perfusion
All local perfusion experiments were performed with an Olympus IX-70
confocal laser scanning microscope using Plan-Apochromat 403/0.95
air or 403/1.0 oil objectives. Alexa 488 and calcein were excited with
the 488 nm line of an argon ion laser, and emitted light was collected
between 510 and 550 nm. Alexa 568 was excited with the 568 nm
line of a krypton ion laser, and emitted light was collected above
600 nm. The delivery micropipette was pulled as a typical whole-cell re-
cording pipette with an aperture of 0.5 mm. The area of dendrite tar-
geted for local perfusion was controlled by a suction pipette, which
was used to draw the treatment solution across one or more dendrites
and to remove the perfusate from the bath. Alexa 568 hydrazide
(1 mg/ml) was included in the perfusate to visualize the affected area.
In all local perfusion experiments, the bath was maintained at 37ºC
and continuously perfused at 1.5 ml/min with HBS containing 1 mM
TTX and other agents, as indicated.
For analysis, the size of the treated area was determined in each lin-
earized dendrite based on Alexa 568 fluorescence integrated across all
images (typically 6–10) taken during local perfusion. The length of the
treated region was used to normalize relative distance measurements,
with the entire extent of the treated segment of dendrite assigned
a value of 1. Adjacent nonoverlapping dendritic segments of equal
length were assigned accordingly successive integer multiples of 1,
with positive and negative values, respectively, defining regions proxi-
mal (i.e., toward the cell soma) and distal to the treated area. This nor-
malization was done to ensure equivalent sampling among all dendritic
segments in each experiment.
For experiments examining surface GluR1 expression following
local perfusion, cells were live labeled with anti-GluR1 antibody
(20 mg/ml) for 15 min at 37ºC, fixed, and processed for immunostaining
with Alexa 488-conjugated goat anti-rabbit secondary antibody
(1:500). In a subset of local perfusion experiments, Zenon-Alexa 488
(Molecular Probes) was used for GluR1 labeling (30 min at RT, followed
by fixation with 2% PFA/4% sucrose) rather than conventional sec-
ondary detection methods. Identical results were found for each im-
munostaining method.
Analysis of surface GluR1 expression in local perfusion experiments
was performed on maximal intensity Z-compressed image stacks. The
average nonzero pixel intensity for the entire length of dendrite, ex-
cluding the treated area, was used to normalize surface GluR1 inten-
sity and was assigned a value of 1. The intensity of surface GluR1 stain-
ing was then computed for dendritic segments exactly half the length
of the treated area and expressed relative to the average nontreated
value. Surface GluR1 intensity in the two half segments comprising
the treated area were averaged. Statistical differences in normalized
GluR expression between segments were assessed by ANOVA and
Fisher’s post hoc LSD test.
For experiments examining Co2+-induced quenching of calcein fluo-
rescence following local perfusion, cells were loaded with calcein-AM
and imaged with minimal laser power as described above. Following
a baseline X-Y image through the middle of the cell with the pinhole
fully open, 2.5 mM CoCl2 was added to the bath, and subsequent
X-Y images were acquired at a rate of 1/sec. To analyze the relative
rates of Co2+-induced quenching in different dendritic segments, the
data were first temporally smoothed by averaging fluorescence inten-
sity at every time point with the two preceding and two following time
points. The time-course data from different experiments were then
time locked such that t = 0 was the point at which absolute fluores-
cence intensity in any segment initiated a downward trajectory.Cell 125, 785–799, May 19, 2006 ª2006 Elsevier Inc. 797
Statistical differences in the onset of Co2+-induced quenching of cal-
cein fluorescence between segments were assessed by ANOVA and
Fisher’s post hoc LSD test.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and five figures and can be found with this article online at http://
www.cell.com/cgi/content/full/125/4/785/DC1/.
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